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Fluid Dynamic Analysis of the
50 cc Penn State Artificial Heart
Under Physiological Operating
Conditions Using Particle Image
Velocimetry
In order to bridge the gap of existing artificial heart technology to the diverse needs o
patient population, we have been investigating the viability of a scaled-down design
current 70 cc Penn State artificial heart. The issues of clot formation and hemolysis
become magnified within a 50 cc chamber compared to the existing 70 cc one. Pa
image velocimetry (PIV) was employed to map the entire 50 cc Penn State artificial
chamber. Flow fields constructed from PIV data indicate a rotational flow pattern
provides washout during diastole. In addition, shear rate maps were constructed fo
inner walls of the heart chamber. The lateral walls of the mitral and aortic ports exp
ence high shear rates while the upper and bottom walls undergo low shear rates,
sufficiently long exposure times to potentially induce platelet activation or thrombus
mation. In this study, we have demonstrated that PIV may adequately map the flow
accurately in a reasonable amount of time. Therefore, the potential exists of empl
PIV as a design tool.@DOI: 10.1115/1.1798056#
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I Introduction

Clot formation within an artificial heart is a major problem
device performance after implantation@1–3#. We hypothesize a
strong connection between clot deposits on the sac wall of
planted artificial hearts with the underlying fluid dynamics with
the chamber. Although the primary connection between the ch
ber flow field and the complex clotting process is not complet
understood, the wall shear rate is a primary suspect. Many stu
have been performed to investigate the relationship between
shear rate andin vivo clot formation@4–6#, with little closure. In
the following, we describe the results of a particle image velo
metry ~PIV! study in which the entire flow field of an artificia
heart was mapped quite rapidly. We believe that this techniq
when used in conjunction with recent work@7# on in vivo deter-
mination of clot formation in the same device, may go a long w
toward clarifying the issue.

Artificial hearts have been successfully used clinically for mo
than a decade@8–11#. The current Penn State model, the ‘‘Lion
Heart’’ ~Arrow International, Reading, PA!, has a 70 cc fluid vol-
ume. Because of an increased demand for a smaller circula
volume device for use in smaller adults, a 50 cc artificial he
was introduced. This 50 cc chamber uses a scaled design of th
cc chamber.

The most complete study of the 70 cc heart flow field w
performed by Baldwin et al.@12,13#. Baldwin et al. used lase
Doppler anemometry~LDA ! to obtain the mean velocity field an
Reynolds stresses at 195 points in the chamber under physio
cal operating conditions. The highest velocities, 1.5–2.0 m/s, w
found at the inlet and outlet ports near the valves. The flow in
main chamber formed a rotational pattern which filled the cha
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ber from the middle to the end of diastole. There were no sign
cant separation regions observed. Other experimental studie
sac-type ventricles report a similar flow pattern@14,15#.

Investigators have used several techniques@16–20#, including
flow visualization, dye washout, and pulsed Doppler ultrasou
to measure or infer wall shear stress within an artificial he
Flow visualization and dye washout methods lead to qualita
measurements of wall shear stresses, and Doppler measurem
only provide a limited area or a point by point measurement m
ing entire planes time consuming to acquire. Flush-mounted
film anemometry, was done on an early pneumatic version of
Penn State heart by Baldwin et al.@21,22#.

This device had a 100 cc chamber. Moreover, the angled i
port was directed toward the center of the chamber, so that
overall diastolic rotational pattern found in the current 50 and
cc models was not observed. Wall shear stresses at 11 sites
valve centerline of the chamber were measured. The results
cated that during diastole the wall shear stress reached a
value of approximately 350 dynes/cm2. The highest wall shear
stresses were found near the aortic valve, for the case of 3
systolic duration, and were estimated to be as high
2700 dynes/cm2. Peak shear stress values of 1400 dynes/cm2 were
observed in the vicinity of the mitral valve. These results we
dependent on the orientation of the hot-film relative to the fl
direction. The hot-film technique is difficult to apply in artificia
heart applications as it requires an external calibration and sig
cant model modification. Moreover, since the hot-film is a h
transfer device, it is not very useful at low shear stresses.

Although clotting has not been a factor in the operation of
70 cc device, which has been approved as a bridge to transpla
humans@3#, there is good reason to be concerned about clot
mation in smaller, scaled, devices. Animal experiments with a
cc version were unsuccessful, with explanted pumps showing
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Fig. 1 50 cc Penn State artificial heart: „a… front and side view of the Plexiglas
model; „b… light sheet orientation for the frontal plane „The light source shown
here is placed from the inlet side, which is not necessarily true for all measure-
ments. …; and „c… coordinate systems: X-Y system for ports „straight surfaces …

and angular system for chamber „curved surface …
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tensive thrombus deposition within the pumping chamber. Ba
mann et al. @2# have shown that the pediatric chamb
has much lower wall shear rates and turbulent stresses than
adult device from which it is scaled. They note that some
these clotting problems may be associated with improper sca
of the inlet valve. Yamanaka et al.@7# have noted clot formation
in in vivo animal studies of the geometrically scaled 50 cc hea
Such clot formation has not been observed in the 70
device.

Particle image velocimetry is used to measure the velocity fi
and estimate the wall shear rates in this study. While provid
comparable spatial resolution to that obtained from LDA, P
makes instantaneous, whole velocity field measurements a
able. This provides both the opportunity to calculate velocity d
rivatives and to study the structure of the overall flow field. One
able, for example, to calculate the fluid vorticity.

We have recently developed a PIV technique suitable for a
ficial heart application@23,24#. Raffel et al. published an excellen
review of PIV: the concept, methodology, data processing, a
post processing analysis@25#. A detailed theoretical background o
PIV can be found in the work of Keane and Adrian@26,27#.

II Methods
The 50 cc Penn State artificial heart test chamber, shown in

1~a! was made of transparent Plexiglas with a refractive index
1.48. It was machined to be identical to the geometry of the fr

Fig. 2 A schematic detailing the orientation „30 deg rotation …

of the 50 cc Penn State Artificial Heart’s mitral valve
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half of the implantable 50 cc artificial heart. The rear part of t
chamber is covered by a flexible, polyurethane diaphragm fa
cated with the same material used in the implantable artifi
heart sac. The pusher-plate, which compressed the blood sac
driven by a piston pump~Harvard Apparatus Co., Millis, MA!.
Bjork-Shiley ~Shiley Inc., Irvine, CA! monostrut valves with py-
rolytic carbon discs were used at the mitral~23 mm diameter! and
aortic ~21 mm diameter! ports, respectively, to achieve unidirec
tional flow.

Fig. 3 Operating conditions „flow, pressure, and piston wave
forms … for the experiments
Transactions of the ASME
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To simulate physiological conditions, the artificial heart expe
ments were performed with a mock circulatory loop@28#. The
inlet and outlet compliance chambers simulated the atrial and
tic compliance, respectively, while a parallel plate resistor dow
stream of the aortic compliance simulated the systemic resista
A reservoir between the systemic resistance and the atrial com
ance controlled the preload to the chamber. Pressure wave f
at the inlet and outlet compliance chambers were monitored
pressure transducers~Maxxim Medical, Athens, TX!. Two ultra-
sonic flow meters~Transonic System Inc., Ithaca, NY! were used
to record the flow wave forms at the inlet and outlet ports. T
stroke length was monitored through the pusher-plate positio
recorded by a linear velocity displacement transducer system~So-
lartron Metrology, West Sussex, UK!.

The blood analog fluid was a mineral oil~Penreco Inc., Hous-
ton, TX!, with a specific gravity of 0.827, refractive index of 1.4
and viscosity of 4.7 cP at room temperature. Red fluoresc
coated 7mm polystyrene particles~Duke Scientific Corp., Palo
Alto, CA!, with specific gravity of 1.055, were used for th
experiment.

A dual pulsed Nd:YAG laser~New Wave Research, Fremon
CA! and appropriate cylindrical lens were used to form an
proximately 1.5 mm thick light sheet to visualize the particles
PIV synchronizer~TSI Inc., St. Paul, MN! with frame-grabber
board~TSI Inc., St. Paul, MN! was used. Eighty PIV image pair
were recorded by a 102431018 charge coupled device came
~TSI, Inc., St. Paul, MN! for each velocity field. The time marke
for each beat cycle was referred to the pusher-plate positio
minimize the beat-to-beat uncertainty of the time reference.
external triggering signal was generated by a signal delay toolb
which has a time increment of 0.1 ms. Figure 1~b! shows the light
sheet orientation. The light plane was 5 mm away from the fr
edge, near the centerline of the chamber. The chamber was
mm wide. The light source was placed on the side of the hea
which the measurements were taken. Note that the valve is rot
30 deg, as shown in Fig. 2, and the light sheet plane is not loc
at peak inflow.

Cross-correlation of the images was performed by theTSI

INSIGHT 5 software. A recursive or multigrid cross-correlatio
scheme was used with an initial interrogation window of
64364 pixels, stepped down by a factor of two to reach the fi
interrogation window of 16316 pixels @29,30#. The final 16
316 pixel interrogation size was selected to achieve a minim
of four particles per interrogation window@25–27# and an optimal
interrogation window size for first order accurate wall shear-r
calculations, as based on earlier results@23#. A Hart correlation,
cross-correlation based correction with sparse array compre
image correlation@31–33#, was selected with a bilinear peak find
ing algorithm. Each interrogation window has 50% overlapp
with its neighbors. Non-fluid areas were digitally masked to p
vent anomalies in the Plexiglas model from influencing the cro
correlation@24#.

Eight local areas~medial and lateral walls of the mitral an
aortic ports and the right, bottom, left, and top walls of the curv
chamber! within the 50 cc chamber were investigated in additi
to the entire chamber view. The time separations were optim
for each measurement~location and time! to achieve a maximum
particle displacement of one fourth of the primary interrogat
window size@25,27#, 64 pixels in our measurements. The ima
magnification and interrogation region size were selected to m
mize variation in the maximum particle displacement between
jacent final interrogation windows to approximately two to fo
pixels. This was done to ensure that the displacement grad
across the two windows is small when using the Hart cross
relation correction@34#. For the global view of the artificial hear
chamber and for the local areas within the artificial heart, mag
fications of 85mm/pixel and approximately 25mm/pixel were
achieved, respectively.
Journal of Biomechanical Engineering
ri-

or-
n-

nce.
pli-
rms
by

he
as

,
ent

s

t,
p-
A

ra

to
An
ox,

nt
18.8
t at
ated
ted

n
4
al

um

te

ssed
-
ng
e-
ss-

ed
n

zed

on
e

ini-
ad-
r

ient
or-

ni-

Fig. 4 The PIV velocity maps during early diastole „125 and
150 ms …, middle to late diastole „200–400 ms …, and systole
„450–600 ms … for the 50 cc Penn State artificial heart „Time
reference is from the onset of diastole …

Fig. 5 The vorticity maps during early diastole „125 and 150
ms …, middle to late diastole „200–400 ms …, and systole „450–
600 ms … for the 50 cc Penn State artificial heart
OCTOBER 2004, Vol. 126 Õ 587
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A range and local median validation criteria@35# were sequen-
tially used for each vector file obtained fromINSIGHT 5. The exact
tolerance values~approximately 80%! for each criterion were
manually adjusted to obtain reasonable results. Invalid insta
neous vector fields were manually excluded. For the remain
valid vector files, no interpolation and no smoothing has be
applied to avoid error propagation from the neighboring vect
Averaging was performed vector-by-vector to obtain the ensem
mean velocity field as a function of space and time.

The components of the two-dimensional velocity gradient w
calculated by central differencing, which is second-order accu

Fig. 6 The velocity maps of the mitral port at 200 and 400 ms
for the 50 cc Penn State artificial heart

Fig. 7 The inlet Õoutlet ports’ average wall shear rate in time
series in the beat cycle from „a… the lateral wall of the mitral
port „The fully open valve tip position is at wall location ap-
proximately 16 mm. …, „b… the medial wall of the mitral port „The
fully open valve tip position is at wall location approximately 8
mm. …, „c… the medial wall of the aortic port, and „d… the lateral
wall of the aortic port of the 50 cc Penn State artificial heart
588 Õ Vol. 126, OCTOBER 2004
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@25#. Vorticity fields were subsequently calculated from the velo
ity gradient. In the figures, positive vorticity is a counte
clockwise rotation. Wall shear-rate calculations were perform
by a wall coordinate decomposition of the near wall velocity ve
tors and a first-order, one-sided differencing of the tangential
locity component, in conjunction with the no-slip boundary co
dition at the wall. Details of the wall shear rate calculation may
found in Hochareon et al.@23#. The inlet and outlet port coordi-
nate system (x-y system! and the chamber wall coordinate syste
~angular! are shown in Fig. 1~c!.

Operating conditions for the mock circulation loop are show
in Fig. 3, with an average flow rate of 4.72 liters/min, strok
length of 19.4 mm, stroke volume of 62.93 cc, and heart rate of
beats/min. Note that diastole, filling, starts at 0 ms, and sys
begins at 430 ms. Hochareon et al.@36# have shown that the sac
opens non-uniformly with the bottom opening first.

III Results

A Global Flow Field. The average flow maps throughou
the beat cycle are shown in Fig. 4, and vorticity maps are sho
in Fig. 5. Figures 4 and 5 include data for early diastole~125 and
150 ms!, middle to late diastole~200 to 400 ms!, and systole~450
to 600 ms!. The peak flow is approximately 1.2 m/s and occu
both in diastole and systole, at the major orifice of both the mit
and aortic ports, respectively. This maximum velocity is the sa
order as that observed by Baldwin et al.@13#. During early dias-

Fig. 8 The vorticity maps of the mitral port area from 430, 440,
450, 460, 470, and 500 ms for the 50 cc Penn State artificial
heart
Transactions of the ASME
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Fig. 9 The velocity and vorticity maps of the right wall from 100 and 200 ms for the 50 cc Penn State artificial
heart. „Note: The size of area is 30 Ã30 mm. …
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tole, as shown in Fig. 4, an inflow jet from the mitral port rapid
fills the bottom part of the chamber. The vorticity maps show
development of the wall boundary layer and some small-sc
flow patterns in the main chamber which occur during the tr
sient phase of early diastole, 125 and 150 ms, as shown in Fi
During late diastole, the flow within the main chamber forms
rotational flow pattern~Fig. 4 at 300 and 400 ms! similar to that
reported by Baldwin@13# for the 70 cc Penn State artificial hea
chamber.

Systole starts when the mitral valve closes and the aortic v
opens, which is at 450 ms. The rotational flow remains throu
the transient phase of very early systole and then rapidly dis
pears. Near 500 ms, the overall flow in the main chamber chan
direction toward the outlet port. The peak outflow at the ao
port is at 600 ms as shown in Fig. 4.

B Local Flow Fields. The local flow field near the mitra
port at 200 ms, shown in Fig. 6, reveals details of the flow str
ture of the inflow jet. This jet remains throughout diastole, b
with decreasing velocity as shown in Fig. 6 at 400 ms. The
creates high wall shear rates with a magnitude of 500– 150021

on the lateral wall of the mitral port during diastole, as shown
Fig. 7~a!. The wall shear rate is shown to change sign at most w
locations, which may indicate short periods of local separat
l of Biomechanical Engineering
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just before the start of systole~450 ms!. Peak stresses occur ne
this time also, although they have only a small spatial/tempo
extent.

We observe a secondary inflow jet in the minor orifice of t
mitral port~Fig. 6! through diastole. Figure 6 shows the seconda
jet flow on the minor orifice during mitral valve opening. The j
magnitude is of the same order as that of the major orifice jet
since its flow axis lies very close to the wall, this jet creat
significant wall shear on the medial wall of the mitral port. Th
wall shear rate map for the medial wall, as shown in Fig. 7~b!,
shows the wall shear rates with magnitudes of approxima
1000– 3000 s21, which is roughly twice as high as those of on th
lateral wall. There are two temporal regions of peak wall sh
rate, and this is probably related to the double peak in the infl
waveform as shown in Fig. 3.

As the valve closes, a separation region on the medial wal
the mitral port forms. In Fig. 8, we observe a closing vorte
created at the corner of the medial wall of the mitral port a
the upper wall of the chamber, which follows the motion of t
valve. On the lateral wall@Fig. 7~a!#, there is a high shear rat
region with a magnitude of almost 2000 s21, near the wall loca-
tion of 20 mm. This high shear rate corresponds to the high
OCTOBER 2004, Vol. 126 Õ 589
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locity flow structure at the very top region near the lateral w
~Fig. 6!. This is related to the regurgitant flow first studied b
Baldwin et al.@12#.

Systole begins after mitral valve closure at 450 ms through
800 ms~Fig. 3!. From time 440 to 470 ms~Fig. 8!, the mitral
valve closing vortex creates another high shear rate spot wi
magnitude of approximately 1200 s21 on the medial wall. The
progression of the closing vortex is shown in Fig. 8.

From Fig. 4, we might expect a separation region below
transition from the lateral wall of the mitral port to the ma
chamber, where the inflow jet appears to detach. High-resolu
flow maps of the right wall of the artificial heart show two sma
low-velocity areas near the wall at the time 200 ms, in Fig.
However, a higher magnification view~not shown!, made using a
particle tracking technique, indicates no strong evidence of a
tached boundary layer at 200 and 300 ms@24#. The vorticity maps,
also provided in Fig. 9, show that the shear layer remains attac
at 100 ms, and starts to detach from the wall at 200 ms. Show
Fig. 10~a! is the shear rate map from the right wall of the chamb
@near 0 deg in Fig. 1~c!#. It shows wall shear rates with magn
tudes of 700– 1000 s21 at the time 100 ms. At 200 ms, there a
two areas of low wall shear rates corresponding to the lo
velocity areas. Near 353 deg, the area has an opposite wall s
rate direction, indicating a flow separation. The peak wall sh
rate, however, increases in magnitude to 1400 s21 at 200 ms. This
wall shear rate profile approaches zero at times greater than
ms. During 300 to 400 ms, there is a very low shear rate area a
deg@Fig. 10~a!#. In systole, the wall shear rates have lower ma
nitude, and the flow starts changing direction after 600 ms, as
wall shear rate becomes positive, but yet remains at low ma
tude.

Magnified views in Fig. 11 of the bottom region show a thic
low velocity area, which might indicate flow separation, durin

Fig. 10 The chamber’s average wall shear rate in time series
in the beat cycle from „a… the right wall, „b… the bottom wall, „c…
the left wall, and „d… the upper wall of the 50 cc Penn State
artificial heart
590 Õ Vol. 126, OCTOBER 2004
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middle to late diastole and early systole. The vorticity fields fro
200 and 300 ms, also shown in Fig. 11, reveal the shear laye
detached from the wall. The shear rate map@Fig. 10~b!# for this
region indicates low wall shear rate for the entire cycle rang
from 0 – 250 s21.

At time 100 ms, the diaphragm obstructs the light source in
global view hiding a flow structure near the outlet port that b
comes visible with the higher magnification. The shear rate m
given in Fig. 10~c! @near 180 deg in Fig. 1~c!#, shows that the wall
shear rate changes sign near 200 ms. Through systole, we ob
a patch of very high shear rate at a location nearest the aortic
During diastole, we observe the regurgitant jet after aortic va
closure, first observed by Baldwin et al.@13#. This regurgitant jet
lasts for almost the entire period of aortic valve closure, 100
300 ms, and creates wall shear rates of 300– 400 s21, on the me-
dial wall as shown in Fig. 7~c!.

During systole, a separation region is progressively formed
the medial wall of the aortic port from the beginning of systo
continuing through 700 ms. This region was not measured in
Baldwin et al. LDA results@13#. The vorticity maps show the
progressive detachment of the shear layer from the medial w
The wall experiences near zero shear rate through diastole@Fig.
7~d!#. High shear rates start with the onset of systole and reac
a peak of 2000 s21 at 600 ms.

The upper region of the chamber is the most affected by
diaphragm motion, as it corresponds to the area of the diaphr
with the most nonuniform opening pattern@36#. The shear rate
map @Fig. 10~d!# reveals very low wall shear rates, magnitud
less than 200 s21, throughout almost the entire cycle and spat
extent.

IV Discussion
This PIV study has located areas of high and low shear ra

that may have a propensity for hemolysis or platelet activation
thrombus formation. In addition, the study presents data on a
not previously reported such as the medial walls of the mitral a
aortic ports and the upper part of the heart chamber. Figure
provides a qualitative overview of the wall shear rates dur
diastole and systole.

During diastole, high shear rate zones occur mainly near
mitral port. Previous LDA work that described the lateral wa
high shear rate zone@13# has been confirmed here@Fig. 7~a!#, but,
PIV has revealed that the medial wall of the mitral port@Fig. 7~b!#
also experiences a high shear rate zone. In this particular pl
location, the shear rate appears to be greater along the media
as compared to the lateral wall. This may be significant
hemolysis and platelet activation since the high shear rate app
to last for approximately 100 ms. A moderate to high shear r
zone is present along the left side of the heart during diasto
result of the fluid entering the chamber and setting up a rota
flow pattern. Two low flow areas are identified as significant
potential thrombus formation. The bottom wall@Fig. 10~b!# is of
particular interest since there has been some evidence of clot
mation seenin vivo @7# near this particular area. The top of th
chamber or upper wall@Fig. 10~d!# is also described as a low
shear rate area. This area has not been investigated previously
the results suggest a potential risk for thrombus formation as
low shear rate occurs for over 300 ms. At the onset of diastol
brief high shear rate area appears which could provide washo
more importantly, remove any deposits. To this point there is noin
vivo data to indicate any evidence of clots located in this regi

During the systolic phase, high shear rate areas exist along
left wall of the heart chamber near the aortic port@Fig. 10~c!# and
along the lateral wall of the aortic port@Fig. 7~d!#. This is to be
expected since the major orifice of the mechanical heart valv
oriented along the lateral wall and would experience a high v
Transactions of the ASME
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Fig. 11 The velocity and vorticity maps of the bottom wall from time 200 and 300 ms for the 50 cc Penn State
artificial heart. „Note: The size of area is 30 Ã30 mm. …
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ume of fast moving fluid. Even more intriguing about the aor
port flow field has to be the low wall shear rates along the me
wall @Fig. 7~c!#. Unlike its mitral port counterpart, the aortic po
experiences low wall shear rates suggesting a potential are
deposition.

Perhaps the most fascinating results are the low wall shear
at the top and bottom of the chamber. These areas experience
flow zones throughout the entire cycle~both diastole and systole!
that suggest a separation from the bulk flow. Should the lo
residence time be appropriate, the clotting cascade could be
ated resulting in deposition on the chamber. Although during
latter part of diastole there is a rotational flow pattern of the b
flow, this flow pattern may not provide adequate washout at
top and bottom of the chamber allowing clots to form.

The most complete study of shear rates in an artificial heart
conducted by Baldwin et al.@21# and Baldwin@22#, using hot film
probes in a 100 cc model. Comparison with their results are
direct as the Baldwin et al. model had an angled central inlet p
that did not produce the same global rotational motion observe
the current 50 and 70 cc models. The reduction in stroke volu
~50 from 100! and the lower flow rate~4.72 l/min from 6! may
inherently reduce wall shear rates. In addition, the mitral va
l of Biomechanical Engineering
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was rotated 30 deg here, so that the light sheet was not in line
the peak inflow, while the Baldwin et al. probes were orient
along the centerline of his valves. However, it is clear that sma
wall shear stresses are generally observed in the 50 cc heart

V Conclusion
Particle image velocimetry measurements were used to cre

two-dimensional view of the entire 50 cc artificial heart flow fie
as a function of time. Critical features such as the inlet jet a
valve closing vortices were quantified. In addition, we were a
to calculate the wall shear rate profiles, as a function of time,
the interior walls of the chamber. As the 50 cc pump has b
observed to clot,in vivo, a particularly interesting result is the low
shear rates at the top and bottom of the chamber throughou
flow cycle. A comparison of wall shear rates against clot form
tion is now possible, and would be extremely useful. The stu
shows further, that with affordable experimental and analyti
effort, a fluid dynamic study of the artificial heart under differin
operating conditions, to better simulate the natural environm
that the implanted hearts experience, is achievable.
OCTOBER 2004, Vol. 126 Õ 591
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Fig. 12 Qualitative summary of wall shear rates within the 50 cc Penn State artificial heart during diastole and
systole
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